Plastic deformation of fully pearlitic steels was investigated using a multiscale approach: experimentally, the finite element method and molecular dynamics. This paper is the first in a series of three papers demonstrating the strain distribution in uniaxial tensile deformation with high-precision markers drawn by electron beam lithography. Strain was measured at loads of 1.98 kN, 2.21 kN and 2.28 kN in tensile deformation.
Introduction
Pearlitic steels consist of cementite and ferrite that form lamellar structures. Single-phase cementite is brittle at room temperature, whereas it becomes ductile at high temperatures [1, 2] . The combination structure with such brittle and ductile phases in steels induces interesting mechanical properties. For example, the yield stress of pearlitic steels is an inverse function of interlamellar spacing and their ductility depends on the size of the blocks [3, 4] . It is also reported that pearlitic steels show good work-hardening ability. Using neutron diffraction, Tomota et al. [5] elucidated that such significant work hardening is due to stress partitioning between the ferrite and cementite, where internal stresses induced by the misfit of plastic strain between the two phases causes high and low stress states in the cementite and ferrite phases, respectively. However, the fundamental deformation process of pearlitic steels has not been fully elucidated yet, particularly the characteristics of inhomogeneous plastic deformation of ferrite and cementite lamellae. It is essential to elucidate how the plastic deformation of pearlitic steels depends on the direction of the 3 pearlite lamellae, colonies and blocks. In addition, it has not been clarified yet whether cementite lamellae can be plastically elongated in tensile deformation at room temperature, whereas it has been reported that they deform under cold rolling [6] or wire drawing [7] . One of the difficulties in investigating whether or not cementite lamellae can plastically deform during uniaxial tensile deformation is that cementite lamellae are not innately straight [8] and are fragmented [9] . Therefore, it is not straightforward to determine whether the observed cementite lamellae were deformed during tensile tests [8] . Thus, it is essential to observe and compare the same area in order to investigate plastic deformation of cementite lamellae.
In the present paper, the plastic strain distribution during tensile deformation was investigated in fully pearlitic steels using high-precision markers drawn on the specimen surface by electron beam lithography. In addition, the characteristics of the inhomogeneous deformation of pearlitic steels were also observed using backscattered electrons (BSE) with an angle-selected backscattered electron detector. The purpose of the present 4 paper is to show experimentally the inhomogeneous behaviour of plastic deformation in pearlitic steels. The strain in the pearlitic steels and cementite lamellae were quantitatively measured for the first time. The results correlate with the modelling and simulation studies on the mechanical behaviours of this kind of characteristic lamellar structure reported in separate papers. [10, 11] .
Experimental procedures
Tensile specimens were cut from a 5.5 mm diameter patented SWR92A fully pearlitic steel, as shown in Fig. 1(a) . The crosshead speed in the tensile test was set to be 0.2 mm/min (Shimazu: AG-IS). The average block size and interlamellar spacing of the samples were 20 µm and 150 nm, respectively.
In order to elucidate the distribution of strain in the specimen, precision markers were first drawn on the parallel portion of the specimen surface using electron lithography [12, 13] . The shape of the precise markers was a square with one side 500 nm in length, as shown in Fig. 1(b) . The width of the markers was approximately 70 nm. Strain was measured from the 5 displacement of the vertices of the square. Precise coordinates were put on each vertex of the square lattice in the scanning electron microscope (SEM) images before deformation, and then we measured the relative displacement of each coordinate in the x and y directions (parallel and perpendicular to the tensile direction) after deformation. The BSE images were obtained using an angle-selected backscattered electron detector in an SEM (Carl Zeiss:
Ultra-55).
The strain in each square was evaluated as follows. First, each square was divided into four triangles by connecting two vertices on a diagonal line. We selected one triangle and assumed that any point inside the triangle, given as (x i , y i ), before deformation moved to another point, given by (u i , v i ), after deformation. We regard the relationship between these coordinate as linear,
,
where a, b, c, d, e and f are real numbers. Here, the coordinates of the vertices of one of the triangles before and after deformation were defined as 6 and , respectively. The displacement components of each vertex were
Substituting Eqs. (3), (4) and (5) into Eqs. (1) and (2) gives the values for a, b, c, d, e and f. The Green-Lagrange strain is given by the differential forms of Eqs.
(1) and (2):
where are the average of the total normal strain, the shear strain and the equivalent strain of each triangle after unloading, 7
respectively. The strain of each square is the average value of the strain from all four triangles in the square. Figure 2 shows a load-elongation curve in a tensile test, which includes the stiffness of the tensile test machine. The fully pearlitic steel shows significant work hardening just after yielding, which is due to the stress partitioning between the cementite and ferrite phases [14] . Another tensile test was performed using a different specimen from that used in Fig Table 1 .
Results and Discussion

Strain distribution during uniaxial tensile deformation
The slopes of the regression lines decrease as the deformation proceeds, although the data scatter at large strains in Figs. 3(h) and (i) due to the lack of enough data points for the large strains. The power-law relations are also seen in the relationship between the magnitude of stress drop versus frequency in the Portevin-LeChatelier effect [15] and the magnitude of acoustic energy burst versus frequency in single crystalline ice [16] . It is worth pointing out that the strain versus count has the same log-log relation at higher strains as those seen in scale-free phenomena, the mechanism of which needs to be discussed further. The results may suggest that the strain distribution during work hardening should have some relationship to fractals.
In order to examine the origin of inhomogeneous strain distribution in pearlitic steels, four characteristic areas were investigated. BSE images and strain maps obtained from those three areas are shown in the next subsection. The calculations suggest that the varying characteristics between homogeneous deformation and shear bands should be due to local differences of the work hardening in pearlitic steels.
Morikawa et al. [20] examined the characteristics of shear bands developed in cold-rolled austenitic stainless steel with a low stacking fault energy, and they showed that shear bands are formed in the twin-matrix fine lamellae structure. It was indicated that shear bands were formed when full work hardening occurred and that a kind of plastic instability takes place [21] . Tagashira et al. [6] also demonstrated that the microstructure of shear bands developed in pearlitic steels after cold-rolling with a reduction of more than 70%, showing that the cementite formed nanocrystals after the cold rolling. In fully pearlitic steels, slip deformations are strongly restricted in the colonies with cementite lamellae lying along the tensile direction, so that shear bands tend to develop in fully pearlitic steels.
Misfit of materials at block/colony boundaries
As shown so far, the amount and distribution of strain depends on colonies.
If the strain is not uniform, misfit of strain at the colony or block boundaries Enlarged image of (c). Their strain maps are shown in (d), (e) and (f), respectively.
